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CROP PHYSIOLOGY

Seasonal root growth and dry matter partitioning in perennial wheat

Jesmin Aktara, J. Sergio Moronia, Mark R. Nortonb and Len J. Wade c

aSchool of Agricultural Environmental and Veterinary Sciences, and Gulbali Institute of Agriculture, Water and Environment, Charles Sturt 
University, Wagga Wagga, NSW, Australia; bNSW Department of Primary Industries, Wagga Wagga Agricultural Institute, Wagga Wagga, NSW, 
Australia; cSchool of Agriculture and Food Sustainability, The University of Queensland, Brisbane, QLD, Australia

ABSTRACT

Perennial wheats produced grain for up to 4 years in southern Australia, but quantitative data are 
lacking on dry matter (DM) allocation above- and below-ground over regrowth cycles. This paper 
examines performance of 4 perennial wheats (147235a [235a], 147280b [280b], OK7211542 [OK72] and 
11,955), a perennial grass (148055 [055]), and a replanted-annual bread wheat (Wedgetail) over 3 years 
in large soil columns. By year 3, total DM increased to 137 g pl−1 in perennial wheat and 194 g pl−1 in 
perennial grass, but remained at 55 g pl−1 in annual wheat. In the annual wheat, a higher proportion of 
its root DM was in the 30–60 cm layer with none below 120 cm, while perennial wheats increased their 
root DM below 60 cm each year, and perennial grass had the most below 120 cm. By the third year, 
spike DM was 11, 39, 25, 20, 11 and 5 g pl−1 for Wedgetail, perennial wheats 11,955, OK72, 235a, 280b, 
and perennial grass, though Wedgetail was bird damaged. The results demonstrated that perennial 
wheats could exceed annual wheat in total and especially deep root DM, and with spike DM equalling 
or exceeding the annual wheat by the third year. Contrary to previous reports, any reduction in 
performance in later cycles was associated with lower spike DM pl−1, rather than reduced plant 
stand, following exposure to moderate water de@cit in the previous dry season. Annuals and perennials 
diAered in DM allocation; perennial wheat prioritised roots over shoots, until a suitable foundation was 
established.

Spike DM (g pl−1) and root DM (g pl−1) for one annual wheat (Wedgetail), four perennial wheats (CPI- 
147235a, CPI-147280b, OK7211542 and 11,955), and a perennial grass (CPI-148055) grown in large, 
deep soil columns in 2011 (closed), 2012 (striped) and 2013 (open) at Wagga Wagga NSW, Australia. l. 
s.d. For spike DM was 8.1 g pl−1 and for root DM was 7.3 g pl−1 (p < 0.05). The results showed that 
perennial wheat could exceed annual wheat in total and especially deep root DM. Perennial wheat 
could also produce spike DM equal to or even exceeding the annual wheat by the third year. The 
results also revealed how DM allocation differed, with perennial wheat prioritising roots over shoots, 
until a suitable foundation for survival and regeneration was established.
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1. Introduction

The replacement of deep-rooted native perennial vegeta-

tion with shallow-rooted annual crops has contributed to 

hydrological imbalance, nutrient leakage and soil degra-

dation in many dryland farming regions (Glover et al.,  

2010; Tilman et al., 2011). In southern Australia’s wheat – 

sheep zone, low and variable rainfall, inherently poor soils 

and reliance on annual crops have allowed water and 

nutrients to move below the shallow root zone, contribut-

ing to rising water tables, soil acidi@cation and salinity 

(Angus et al., 2001; Turner, 2004). Management options 

such as reduced tillage, stubble retention, crop rotation 

and short pasture leys help, but perennial grain crops 

could further stabilise ground cover and hydrology 

while producing grain and forage (Bell et al., 2010; 

Glover et al., 2010). Perennial wheat is especially attractive 

in this region because wheat is already the dominant 

cereal in mixed crop – livestock systems.

Preliminary whole-farm bio-economic analysis using 

the MIDAS model indicated that perennial wheat could 

be pro@table in Australian wheat – sheep systems if its 

grain yield reached about 65% of annual wheat when 

priced equally, or about 40% if it also supplied ~0.8 t ha− 

1 of extra forage (Bell et al., 2008). The modelling sug-

gested that annual wheat would remain preferred on 

the best cropping land, whereas dual-purpose perennial 

wheat would be favoured on intermediate land classes 

where early and late grazing could increase lamb survi-

val and carrying capacity (Bell et al., 2008, 2010). These 

results, together with global assessments of perennial 

grains, have helped motivate eAorts to develop peren-

nial cereals that can contribute both grain and ecosys-

tem services (Chapman et al., 2022; Crews et al., 2018).

Development of perennial wheat has relied on wide 

hybridisation between annual wheat (Triticum aestivum 

L. [6x], T. durum [4x] or T. carthlicum [4x]) and closely 

related perennial grasses such as Thinopyrum elonga-

tum [2x], Th. intermedium [6x], Th. ponticum [8x] and 

Agropyron spp. (>8x), building on early work in the 

former USSR (Tsitsin & Lyubimova, 1959; Wagoner & 

SchaeAer, 1990). Breeding programs in North America, 

China, Australia and elsewhere have subsequently pro-

duced numerous experimental lines, particularly from 

T. aestivum × Th. intermedium and T. aestivum × Th. 

ponticum (Cox et al., 2006; Cui et al., 2018; Hayes 

et al., 2018; Murphy et al., 2010). Progress has been 

constrained by complex and unstable genomes, 

including loss or rearrangement of chromosomes 

through generations, although there is evidence that 

retention of more complete chromosome sets from 

both parents can improve viability and perenniality 

(Curwen McAdams & Jones, 2017; Larkin et al., 2014).

Field evaluations of perennial wheats have demon-

strated both promise and persistent challenges. At 

Cowra in southern New South Wales, Australia, Hayes 

et al. (2012) showed that several perennial wheat lines 

could regrow and produce grain for three consecutive 

years under rainfed conditions, although many of the 

150 entries failed to survive the harsh dry seasons (DS). 

In a subsequent Cowra study, the highest-yielding lines 

produced @rst-year grain yields up to 75% of the annual 

check Wedgetail, but the best grain producers often 

failed to regrow, and only four lines persisted and 

yielded grain across four years (Larkin et al., 2014). In 

Washington State, USA, the best lines yielded up to 93% 

of the annual check in the @rst season (Murphy et al.,  

2010), whereas in Michigan, perennial lines yielded simi-

larly in years 1 and 2, but only around half the grain yield 

of annual wheat (Jaikumar et al., 2012). Multi- 

environment testing of perennial winter cereals con-

@rmed that survival and post – year-1 productivity varied 

widely, and emphasised the need to select for perfor-

mance beyond the establishment year (Cattani, 2024; 

Galassi et al., 2025; Hayes et al., 2018; Morgounov et al.,  

2025). Several reports noted that plant stand declined in 

perennial wheat in each DS, while plant stand was main-

tained in the perennial grass (Hayes et al., 2012; Larkin 

et al., 2014; Newell & Hayes, 2017). Consequently, these 

authors associated the decline in grain yield in perennial 

wheat with decline in plant stand, rather than yield per 

plant.

A central unresolved issue is whether perennial 

growth habit necessarily imposes a trade-oA with 

grain yield. Perennial cereals must invest carbon 

and nutrients into regenerative structures such as 

crowns, roots, rhizomes and axillary buds to support 

regrowth, potentially diverting resources from repro-

ductive sinks (Cassman & Connor, 2022; Loomis,  

2022). Conversely, once established, their deeper 

and more persistent root systems may allow access 

to additional water and nutrients below the rooting 

zone of annual crops, partly oAsetting any allocation 

penalty and enabling both regrowth and acceptable 

grain production (Ewel et al., 2018; Glover et al.,  

2010; Huang et al., 2025). Despite increasing evidence 

for enhanced root biomass and ecosystem services in 

perennial grain systems, quantitative data on dry- 

matter (DM) production, above- and below-ground 

partitioning, and water extraction over successive 

regrowth cycles are still scarce for perennial wheat 

and other perennial grain crops.

This study is the @rst in a series examining resource 

capture and DM allocation in perennial wheat and 

related cereals. Here we focus on quantifying seasonal 

DM production and partitioning in four perennial 

2 J. AKTAR ET AL.



wheat lines, a perennial grass and an annual wheat 

check (replanted each year), grown in large, deep soil 

columns under well-watered conditions over three 

years. Additional soil columns allowed regular destruc-

tive sampling to characterise root growth, as well as 

a subsidiary experiment that imposed moderate DS 

water de@cit to test carry-over eAects on subsequent 

wet season (WS) performance. The results are inter-

preted alongside @eld performance of the same geno-

types at Cowra and other perennial versus annual 

cereal comparisons, with particular emphasis on trade- 

oAs and opportunities associated with perennial 

growth habit.

2. Materials and methods

2.1. Experiment location and soil column 

preparation

This study was conducted outdoors in large soil columns in 

an open-topped, side-netted enclosure in the Horticulture 

Precinct at Charles Sturt University, Wagga Wagga NSW, 

Australia (35.05°S, 147.35°E, 219 m). Soil columns were 

established using 1.50 m long, white PVC tubes with an 

internal diameter of 0.10 m. Each tube was @lled with 

homogenised granitic loamy-sand to a bulk density of 

1.7 Mg m−3 The soil had pH 7.2 (1:5 soil/water), 1.82% 

total organic C, 0.305% total Kjeldahl N, 20.0 mg kg−1 avail-

able P (Colwell), 0.345 cmol kg−1 exchangeable K, 1.90 

cmol kg−1 exchangeable Ca, 0.255 cmol kg−1 exchangeable 

Mg, 0.165 cmol kg−1 exchangeable Na, eAective cation 

exchange capacity 2.50 cmol kg−1 and electrical conductiv-

ity 53.5 mS cm−1 (1:5 soil/water). Each soil column had 

a total volume of 1.18 × 10−2 m3, a surface area of 7.86 ×  

10−3 m2, and a soil mass of 26.0 kg at @eld capacity. A hole 

was drilled in the basal sealed cap of each column to allow 

drainage of excess water onto the concrete Roor. Roots 

could not access soil from below the columns.

2.2. Experimental design and selection of 

genotypes

The experimental design was a split-plot with six geno-

types replicated three times as the basis of each sam-

pling unit, giving 20 sampling units available for 

destructive measurements over the three-year period. 

The six genotypes comprised one annual bread wheat, 

four perennial wheat lines and one perennial grass.

The annual wheat control was Triticum aestivum L. cv. 

‘Wedgetail’, a dual-purpose winter-type longer-duration 

bread wheat developed for the wheat-sheep farming 

system of southern Australia. Four perennial wheat 

lines were selected which diAered in the source of the 

perennial grass parent: CPI-147235a (235a; Th. ponti-

cum); CPI-147280b (280b; Th. intermedium); OK7211542 

(OK72; Th. ponticum); 11,955 (11,955; Th. ponticum). 

While these perennial wheats each had 56 chromo-

somes, the contribution from each parent varied: not 

known for 280b (T. carthlicum × Th. intermedium ×  

T aestivum); 42 T. aestivum and 14 Th. ponticum for 

235a and OK72; but only 40 T. aestivum and 16 Th. 

ponticum for 11955 (Cox et al., 2002; Curwen McAdams 

et al., 2016; Morgan et al., 2023). Each of these lines had 

previously demonstrated the ability to regrow and pro-

duce grain over three to four years under @eld condi-

tions at Cowra, NSW (Hayes et al., 2012; Larkin et al.,  

2014).

Intermediate wheatgrass CPI-148055 (055; Th. inter-

medium) was chosen as the perennial grass control, 

because of its strong regrowth and its common use as 

a parent to confer perennial growth habit. Thus, 

Wedgetail and CPI-148055 also represented the annual 

and perennial ‘parent’ types used to develop the peren-

nial wheats.

2.3. Cultural management

Seeds, treated with the fungicide Baytan T® (active ingre-

dients Triadimenol 150 g L−1 and TriRumenol 150 g L−1 

at 100 ml per 100 kg), were sown on 7 May 2011. After 

emergence, stands were thinned to one plant per col-

umn. In subsequent years, the annual wheat was resown 

into the columns allocated to the annual wheat treat-

ment in all remaining sampling units, on 5 May 2012 and 

8 May 2013, respectively. This allowed WS comparisons 

between annual and perennial entries. As the annual 

wheat did not regrow, however, it was absent from DS 

comparisons. At the end of each growing season, in 

about December (the end of the WS) and May (the end 

of the DS), the stubble was cut back to 0.08–0.10 m, 

removed and recorded. This ensured regrowth of per-

ennial genotypes from a consistent base in the following 

season, and discouraged tillering from higher nodes.

Irrigation was supplied via a dripper to each soil 

column. For the well-watered treatment, soil columns 

were irrigated to @eld capacity at fortnightly intervals 

throughout the experiment, using a load cell to deter-

mine the amount of water required to return the col-

umns to target weight. For the DS water-de@cit 

treatment, selected columns were irrigated at monthly 

intervals during the DS only (December to April), from 

grain harvest at the end of one WS, until removal of DS 

biomass at the commencement of the next WS. Any 

rainfall event that eAectively replaced a scheduled irriga-

tion was counted as a watering event, and subsequent 
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watering dates were recalculated. Fortnightly irrigations 

resumed for all treatments during each WS.

At monthly intervals, 30 mL of solution containing an 

all-purpose soluble fertiliser (5 g Yates Thrive [25 N: 5 P: 

8.8 K] in 1.8 L water) was applied to each column at the 

time of irrigation. When required, the insecticide 

Con@dor (0.125 g L−1 Imidacloprid) was sprayed to con-

trol leaf-sucking insects, and fungicide Bumper (418 g 

L−1 Propiconazole) was applied against leaf rusts.

2.4. Measurements

Total DM production and allocation between above- and 

below-ground components were quanti@ed at six har-

vests, timed according to developmental progress of 

each genotype in each growth cycle. In the @rst year, 

two harvests were taken: Harvest 1 at Rowering in 

October – November 2011 (2011a), and Harvest 2 at 

maturity in November – December 2011 (2011b), both 

during the @rst WS. In the second year, Harvest 3 was 

taken at the end of the DS in April 2012 (2012a), and 

Harvest 4 at maturity at the end of the WS in November – 

December 2012 (2012b). In the third year, Harvest 5 was 

taken at the end of the DS in April 2013 (2013a), and 

Harvest 6 at maturity at the end of the WS in November – 

December 2013 (2013b). For each genotype, the dates of 

Rowering and maturity (growth stages 65 and 89, 

respectively; Zadoks et al., 1974) were recorded. Plant 

height, and tiller and spike number pl−1, were also 

recorded.

At each harvest, shoots were cut at the soil surface 

and separated into crowns, leaves and stems, and spikes, 

to quantify above-ground biomass allocation. At matur-

ity, grains were separated from spikes and cleaned by 

hand using a customized tabletop thresher. At the same 

time, PVC tubes were cut longitudinally to expose the 

soil columns, which were then cut into 0.10 m sections. 

After soaking in Calgon® solution, each depth increment 

was washed to remove soil using a mechanised root 

washer (Benjamin & Nielsen, 2004), and roots were col-

lected on a 1 mm mesh sieve. All plant components were 

dried at 70°C for 48 h and DM recorded, with grain DM 

adjusted to 14% moisture. Because very few roots were 

present in the 2012 DS, root data were not collected for 

the 2013 DS, to preserve the remaining cores for subse-

quent measurements. Random subsamples of 100 grains 

were counted to determine mean single-grain mass.

The annual wheat Wedgetail was severely damaged 

by birds. This occurred despite eAorts to place netting 

over individual replicates, and to bag individual ears. 

More robust netting systems were installed in the 

third year, however grain DM of Wedgetail was still 

underestimated, while other entries did not attract bird- 

feeding activity.

2.5. Statistical analysis

Statistical analyses were conducted using GenStat 16th 

edition (GenStat® for Windows 10.0, VSN Int. Ltd, UK, 

2013). For each trait, data were analyzed as a split-plot 

with repeated harvests. Harvest was tested against main- 

plot error, whereas genotype and the genotype ×  

harvest interaction were tested against residual error. 

Treatment means were compared using least signi@-

cance diAerence (l.s.d.; p < 0.05 or p < 0.01) with appro-

priate error degrees of freedom (Steel & Torrie, 1960). 

Linear regressions were used to further explore relation-

ships among traits.

3. Results

3.1. Cultural conditions

Maximum and minimum temperature, relative humidity, 

rainfall, pan evaporation and potential evapotranspira-

tion data for the study period are presented in Figure 1. 

Weather parameters were generally similar to the long- 

term average, with mean monthly maximum and mini-

mum temperatures varying from a maximum of 44°C in 

January to a minimum of −5°C in July. The hottest sum-

mer occurred in the 2013 DS. Although the average 

annual rainfall at the experimental site during this three- 

year study was 487 mm, which was slightly lower than 

the long-term mean (572 mm), irrigation was applied 

fortnightly throughout (WW, well-watered), or monthly 

in the DS only (WD, water-de@cit).

3.2. Overall data summary

All sources of variation were statistically signi@cant for all 

traits (p < 0.05; p < 0.01), except for the harvest ×geno-

type interaction for spike number pl−1, grain number 

spike−1, stem and leaf DM, and shoot DM (Table 1). In 

general, the perennial wheat lines 235a and 11,955 and 

the perennial grass 055 had greater shoot DM, but the 

perennial wheat OK72 and the annual wheat Wedgetail 

had higher HI, even though the annual wheat Wedgetail 

was severely bird damaged. Grain size was large in per-

ennial wheat 11,955 (34.4 mg) and annual wheat 

Wedgetail (29.0 mg), intermediate in the other perennial 

wheats (15.7–22.5 mg), and low in the perennial grass 

055 (4.4 mg), which also had fewer grains pl−1. While the 

annual wheat had the lowest root dry matter, the per-

ennial grass 055 had the highest tiller number pl−1 and 
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Figure 1. a) Mean monthly maximum and minimum temperature (oC) and solar radiation (MJ m−2), b) maximum and minimum relative 
humidity (%), c) rainfall (mm) and evapotranspiration (et; mm), and d) pan evaporation (mm), from May 2011 to February 2014 at 
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the greatest root DM. In the perennials, maximum root 

depth was greater and increased in subsequent years.

3.3. Days to !owering, plant height, tillers per 

plant and spikes per plant

All genotypes established well after planting in 

May 2011. Flowering in the @rst wet season (WS) 

occurred at about 175 days after sowing in the perennial 

wheat derivatives, with the annual wheat about 15 days 

earlier, and the perennial grass about 10 days later 

(Figure 2(a-c)). In the perennial wheats, Rowering 

occurred on average at 180, 180 and 150 days over the 

three years, several days earlier in Wedgetail annual 

wheat, and later in perennial grass 055, especially 

in year 3. Except for the perennial grass 055, which 

Rowered at around 200 days in each season, time to 

Rowering decreased in the third year, by about 20 days 

in 235a and about 30 days in the other perennial wheats. 

For plant height (Figure 2(d-f)), perennial wheats OK72, 

235a and 11,955 were about 20 cm taller than the other 

entries in the @rst wet season. DiAerences in plant height 

increased in the second WS, with perennial grass 055 

joining the tall group which averaged 110 cm, while 

280b was 85 cm and Wedgetail was 65 cm. DiAerences 

in plant height were not statistically signi@cant in year 3, 

ranging from 85 to 110 cm.

On average, there were about 30 tillers pl−1 in the @rst 

WS (Figure 3(a-c)), with fewer in Wedgetail, and more in 

OK72. Wedgetail consistently had the fewest tillers, aver-

aging 12 pl−1 over the three seasons. There tended to be 

an increase in the number of tillers pl−1 in the perennial 

wheats with time, especially in 11,955 in year 3. Likewise, 

in the perennial grass 055, there was a large increase to 

135 tillers pl−1 in the third year. The number of spikes 

pl−1 (Figure 3(d-f)) was about half the number of tillers 

pl−1 in the @rst year, with fewer spikes in Wedgetail, and 

more in OK72 and 11,955. In Wedgetail, the number of 

spikes pl−1 remained consistently low in years 2 and 3, 

while the number of spikes pl−1 generally increased in 

the perennials with time, especially in 11,955 and 055, 

each having about 45 spikes pl−1 in the third year.

3.4. Total dry matter production and partitioning 

above- and below-ground

During the 2011 WS, total dry matter increased from 

about 30.1 g pl−1 at Rowering (Figure 4(a)) to about 

42.4 g pl−1 at maturity (Figure 4(b)), with the perennial 

wheats exceeding the perennial grass 055 and the 

annual wheat Wedgetail. In the annual wheat 

Wedgetail, however, grain DM at maturity was penalised 

by severe bird damage in all three years, despite eAorts 

to protect grain by netting and bagging individual 

spikes. During the 2012 DS, regrowth was absent in 

annual wheat and limited to about 19.9 g pl−1 in the 

perennial genotypes, despite fortnightly irrigations 

(Figure 4(c)). In the 2012 WS, shoot DM was generally 

similar to the 2011 WS, but was reduced in 280b and 

increased in 055, while root growth increased in the 

perennials, especially in the perennial grass 055 

(Figure 4(d)). By the third year, these responses were 

Table 1. Main effects of Harvest (2011, 2012 and 2013 wet seasons [WS]), genotype (Wedgetail, 147235a, 147280b, OK7211542, 
11,955, 148,055) and Harvest x genotype (H x G) for 1 annual wheat, 4 perennial wheats and 1 perennial grass grown in large soil 
columns in the enclosure in the horticultural precinct at Charles Sturt University in Wagga Wagga NSW Australia in 2011, 2012 and 
2013.

Source

Plant 
height 

(cm)

Tiller 
number 

(pl−1)

Spike 
number 

(pl−1)

Grain 
number 

(pl−1)

Grain 
number 
(spike−1)

Grain 
size 

(mg)

Root 
depth 
(cm)

Root 
DM 
(g 

pl−1)

Crown 
DM 

(g pl−1)

Stem & Leaf 
DM 

(g pl−1)

Spike 
DM 
(g 

pl−1)

Shoot 
DM 
(g 

pl−1)

Harvest 
Index 

(%)

Grain 
DM 

(g pl−1)

Harvest (H)
2011 WS 84.9 27.5 13.1 109.6 9.3 14.6 87 3.8 3.5 28.7 8.4 40.7 5.3 2.02
2012 WS 97.8 27.4 15.1 193.2 15.2 21.9 141 11.3 4.9 27.8 7.3 42.8 20.8 4.28
2013 WS 98.3 54.4 28.8 397.1 19.7 25.1 137 18.3 16.2 63.9 21.5 93.9 20.5 11.70
l.s.d. 8.6** 6.5** 7.1** 35.8** 8.4 ns 3.3** 11.3** 3.0** 3.5** 19.0** 3.3** 22.5** 10.6** 1.34**

Genotype 
(G)

Wedgetail 79.2 10.4 7.4 148.6 20.7 29.0 103 2.8 1.2 13.7 6.1 21.1 25.2 4.63
147235a 104.1 32.8 18.8 296.3 15.4 15.7 127 9.5 5.7 50.1 14.4 70.1 10.7 5.49
147280b 79.2 24.1 13.8 162.9 19.5 17.1 126 8.8 4.4 27.9 7.2 38.0 17.8 2.74
OK7211542 103.1 37.7 21.7 406.3 16.6 22.5 133 10.2 7.1 32.6 19.5 47.4 27.1 10.13
11,955 103.5 45.1 25.9 349.2 14.2 34.4 129 15.2 9.6 58.7 22.7 94.2 12.0 12.83
148,055 93.0 68.3 26.1 36.6 2.1 4.4 111 20.3 21.3 57.7 4.5 84.0 0.4 0.17
l.s.d. 12.1** 9.1** 10.0** 50.6** 11.8* 4.7** 16.2** 4.2* 5.0** 26.9** 4.7** 31.9** 7.5** 1.90**
H x G
l.s.d. 21.0* 15.8** 17.3ns 87.7** 20.5ns 8.1** 33ns 7.3** 8.6** 46.6ns 8.1** 55.2ns 18.4** 3.29**

Overall
Mean 93.7 36.4 19.0 233.3 14.7 20.6 122 11.1 8.2 40.1 12.4 59.1 15.5 6.00
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exacerbated, with minimal regrowth of about 3.2 g pl−1 

observed in the perennials in the 2013 dry season, again 

despite fortnightly irrigation (Figure 4(e)). In the 2013 

WS, dry matter production was greatly enhanced among 

the well-established perennials, with 235a, 11,955 and 

055 averaging about 170 g pl−1 (Figure 4(f)). Root DM 

was always least in annual wheat Wedgetail (4.8 g pl−1), 

but increased signi@cantly during the third WS in the 

perennials, and especially in perennial wheat 11,955 and 

perennial grass 055 (33.8 g pl−1). In the perennial wheats, 

much of the additional shoot DM was allocated to stem 

and leaf, though in the third WS, spike and crown DM 

also increased. Conversely, the perennial grass 055 accu-

mulated less DM in the @rst wet season, but by the third 

WS, had equivalent DM to the leading perennial wheats 

235a and 11,955, but allocated less to spike, and more to 

crown (50 g pl−1) and root (35 g pl−1).

3.5. Allocation of root dry matter to di*erent soil 

depth increments

Over all genotypes and seasons, about 66% of root DM 

was in the 0–30 cm soil layer, with each subsequent layer 

having about a third of the layer above (Table 2). There 

was a greater proportion of roots in shallow layers 

in year 1, but the proportion of roots in deeper layers 

increased in year 2. The annual wheat Wedgetail had 

a higher proportion of roots in the 30–60 cm layer, but 

a lower proportion in deeper layers below 90 cm, with 

none below 120 cm. The perennial wheats generally had 

more roots in the surface layer in year 1, then more in 

deeper layers in year 2, but in year 3, there was a new 

Rush of shallow roots after the second DS, and thus, 

a proportionate decrease at depth in year 3. 

Nevertheless, due to the greater total DM in year 3 in 

the perennials, this still translated to their greater root 

Figure 2. Time from sowing/stubble cut to flowering (days; a, b, c), and plant height (cm; d, e, f); for one annual wheat, four perennial 
wheat lines and one perennial grass, in the 2011 (a, d), 2012 (b, e) and 2013 (c, f) wet seasons. l.s.d. were 3 days for time to flowering 
and 21 cm for plant height (p < 0.05).
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DM in year 3, with more in deeper layers in 11,955 and 

055. Conversely, the perennial grass 055 had a higher 

proportion of roots in the surface layer (75.7%), fewer 

from 30–90 cm (8.2%), but more in the deepest layers, 

especially 120–150 cm (4.0%).

Wedgetail annual wheat never had roots below 

120 cm depth, and its total root DM was consistently 

low (Figure 5). In contrast, roots of the perennial 

wheats were present in deeper soil layers, and over 

the three years of the experiment, their root DM 

increased on average from 0.0 to 6.75, 0.0 to 1.75, 

and 0.0 to 1.05 g pl−1 in soil layers 0 to 60, 60 to 

120, and 120 to 150 cm, respectively. Interestingly, 

perennial wheat 11,955 had the highest root DM at 

intermediate soil depths in year 3. Overall, the per-

ennial grass 055 had the highest root DM, even 

during DS regrowth (Figure 5(c)), and especially 

below 100 cm soil depth (Figure 5(d,f)).

3.6. Spike dry matter and grain dry matter per 

plant

Amongst the perennial wheat lines, spike DM 

(Figure 6(a-c)) ranged from 5–10 g pl−1 in the 

2011WS and 2012WS, but by the 2013WS, spike DM 

ranged from 11 g pl−1 in 280b, to 20 g pl−1 in 235a, 

25 g pl−1 in OK72, and 39 g pl−1 in 11,955. In con-

trast, spike DM increased from 1 to 5 to 11 g pl−1 in 

the annual wheat Wedgetail, as bird damage was 

progressively reduced over seasons, but could not 

be eliminated, while in the perennial grass 055, 

spike DM was consistent at about 5 g pl−1 

(Figure 6(a-c)).

Amongst the perennial wheat lines, grain DM 

(Figure 6(d-f)) averaged about 2 g pl−1 in year 1, 

except for 11,955, which yielded 7 g pl−1. Grain DM 

began to diverge in year 2, and by year 3, 11,955 

Figure 3. Tillers pl−1 (a, b, c) and spikes pl−1 (d, e, f) for one annual wheat, four perennial wheat lines and one perennial grass in the 
2011 (a, d), 2012 (b, e) and 2013 (c, f) wet seasons. l.s.d. were 16 for tillers pl−1 and 7 for spikes pl−1 (p < 0.05).
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yielded about 26 g pl−1, OK72 about 22 g pl−1, with 

235a yielding about 10 g pl−1, and 280b only 3 g pl−1. 

Grain DM from the perennial grass 055 was always 

negligible. With bird damage, grain DM in Wedgetail 

only ranged from 1 to 7 g pl−1 over the three wet 

seasons (Figure 6(a-c)). Harvest index, grain number 

per spike and individual grain DM were all highly 

variable (not shown).

3.7. Dry season regrowth under well-watered and 

water-de-cit conditions

Regrowth in the DS was about 13.7% of WS regrowth 

in year 2, but only about 1.4% of WS regrowth in year 3 

(Figure 7). During the 2012 DS, shoot DM was similar under 

water de@cit and well-watered (Figure 7(a)), but in the 

following 2012 WS, shoot DM was 18% lower following 

Figure 4. Total above-ground DM (including crown, leaf and stem, and spike) and total root DM for one annual wheat, four perennial 
wheat lines and one perennial grass: a) at flowering in the 2011 WS; b) at maturity in the 2011 WS; c) at the end of the 2012 DS; d) at 
maturity in the 2012 WS; e) at the end of the 2013 DS; and f) at maturity in the 2013 WS. l.s.d. were 22.5 g pl−1 for total above-ground 
DM and 7.3 g pl−1 for total root DM (p < 0.05; see Table 1).
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water de@cit (Figure 7(b)). In the 2013 DS, shoot DM was 

lower than in the 2012 DS, especially under water de@cit, 

while the perennial grass 055 had the highest shoot DM in 

well-watered (Figure 7(c)). In the 2013 WS, shoot DM 

doubled on average compared with the 2012 WS, but 

shoot DM was 54.5% lower following DS water de@cit 

compared with well-watered (Figure 7(d)). Genotypes var-

ied in the reduction in WS shoot DM following DS water 

de@cit in 2013, from 42.8% in perennial grass 055 to 72.2% 

in perennial wheat 235a (Figure 7(d)).

4. Discussion

4.1. Environmental conditions and seasonal 

regrowth

Regrowth was successful over three consecutive WS in 

perennial wheats and perennial grass, as indicated by the 

numbers of tillers pl−1 (Figure 3(a-c)) and their total DM 

(Figure 4(b,d,f)). Despite the perennial wheats evaluated 

here being selected from cool-temperate-adapted winter 

wheats in the USA, they were able to survive and regrow 

for three years in large rewatered soil columns in an open- 

topped enclosure in this study (Figure 4), and for up to four 

years at Cowra under Mediterranean @eld conditions 

(Hayes et al., 2012; Larkin et al., 2014). The soil column 

(0.10 m diameter and 1.50 m depth) was intended to be 

indicative of the root zone available to an individual wheat 

plant in the @eld in Australia, where row spacings of 

0.20–0.30 m and inter-plant spacings in the row of 

0.075–0.010 m are common. Seminal roots grow down-

wards, and nodal roots soon turn downwards, so we con-

sider it unlikely that root growth could have been 

signi@cantly impeded in these large, deep, 26.0 kg soil 

columns, though this should be tested.

While the winters were cool and wet in southern 

Australia, summers were hot and dry, with high evapora-

tive demand (Figure 1). Consequently, regrowth was lim-

ited in all perennial entries in the 2012 and 2013 DS, with 

few tillers pl−1 (data not shown) and reduced biomass 

accumulation (Figure 4(c,e)), especially in the 2013 DS, 

when temperatures were substantially higher (from 

November 2012 to April 2013; Figure 1). Seasonal reduc-

tion in regrowth has also been observed in perennial rice 

in southern China, with only the warmer DS cycle har-

vested in the cooler and higher altitudes, both DS and WS 

cycles harvested at lower altitudes with more favourable 

temperatures, and only the WS cycles harvested in more 

tropical conditions with a long, hot DS (Huang et al., 2018; 

Zhang et al., 2017, 2019). Indeed, under the harsher DS 

Table 2. Maximum root depth (MRD – cm), and percentage allocation of root dry matter (RDM - %) to each soil depth increment (0–30, 
30–60, 60–90, 90–120, 120–150), for 1 annual wheat (Wedgetail), 4 perennial wheats (147235a, 147280b, OK7211542, 11,955) and 
1 perennial grass (148055) grown in large soil columns in the enclosure in the horticultural precinct at Charles Sturt University in 
Wagga Wagga NSW Australia in 2011, 2012 and 2013.

Source Wedgetail Annual 147235A 147280B OK7211542 11,955 Perennial 148,055 Grass Mean MEAN

MRD (cm)
WS1 70 95 100 100 100 70 89
WS2 90 150 140 150 150 150 139
WS3 120 150 150 150 150 150 145
MRD 93 132 123 124
RDM0–30 (%)
WS1 78.2 61.0 80.2 66.3 66.4 89.6 73.6
WS2 56.0 50.1 63.6 48.0 49.4 57.5 54.1
WS3 62.0 64.1 77.7 67.2 66.6 80.0 69.6
Mean 65.4 63.4 75.7 65.8
RDM30–60 (%)
WS1 20.7 26.7 16.3 26.6 28.0 8.3 21.1
WS2 30.7 20.6 24.2 20.6 24.7 13.9 22.4
WS3 24.1 22.3 14.9 21.2 18.4 9.9 18.5
Mean 25.2 22.0 10.7 20.7
RDM60–90 (%)
WS1 1.1 12.1 3.4 6.6 4.8 2.0 5.0
WS2 13.4 14.4 6.1 16.8 17.0 10.7 13.1
WS3 10.9 9.1 5.1 9.0 10.7 4.5 8.2
Mean 8.5 9.6 5.7 8.8
RDM90–120 (%)
WS1 0.0 0.0 0.1 0.6 0.9 0.0 0.3
WS2 0.0 9.6 4.7 9.3 6.5 8.4 6.4
WS3 3.1 4.0 1.6 1.7 3.2 2.8 2.7
Mean 1.0 3.5 3.7 3.1
RDM120–150 (%)
WS1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
WS2 0.0 5.4 1.4 5.3 2.4 9.5 4.0
WS3 0.0 1.2 0.7 0.9 1.1 2.5 1.1
Mean 0.0 1.5 4.0 1.7
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conditions in southern Lao PDR, perennial rice was only 

able to contribute grain in two successive WS (the sown 

crop and one regrowth cycle; Samson et al., 2018). Hence, 

in both perennial wheat and perennial rice, high tempera-

ture constrained DS regrowth, even though adequate 

irrigation water had been provided. These outcomes sug-

gest that regrowth in perennial grain crops may be limited 

under conditions of high temperature and high evapora-

tive demand in the DS, even when water is supplied, 

perhaps due to aerial tissue dehydration, but this needs 

to be examined further. Nevertheless, reliance on tissue 

dehydration alone would not be expected to be a reliable 

strategy for restricting regrowth and resource use in 

the DS.

Figure 5. Root DM (RDM), presented as sqrt (RDM +0.50), for 0.10 m depth increments from 0.00–1.50 m soil depth: a) at flowering in 
the 2011 WS; b) at maturity in the 2011 WS; c) at the end of the 2012 DS; d) at maturity in the 2012 WS; e) at the end of the 2013 DS 
(data not collected); and f) at maturity in the 2013 WS. In the upper X-axis scale, RDM is shown as (g pl−1), matching the lower X-axis 
scale for the same data, which are plotted as sqrt (RDW +0.5) below, for treatment separation. For each depth increment, * is 
statistically significant and n.s. is not (p < 0.05).
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4.2. Production of dry matter

The accumulation of DM was much greater in the per-

ennials, especially in 235a 11,955 and the perennial grass 

055, and especially in the third year, while there was little 

change over years in the replanted annual (Figure 4), 

which was consistent with earlier reports (Hayes et al.,  

2012; Larkin et al., 2014). The additional biomass from 

perennial wheat easily exceeded the critical value of 0.8 

t ha−1 identi@ed by Bell et al. (2008), which was consis-

tent with the results from defoliation experiments at 

Cowra (Newell & Hayes, 2017). Thus, perennial wheat 

should be able to contribute additional forage to 

enhance lamb survival and carrying capacity in the 

wheat-sheep zone, without aAecting grain yield 

(Newell & Hayes, 2017), especially if the forage were 

obtained by removal of surplus stubble after grain 

harvest, or prior to spike initiation in the next cycle. 

Early defoliation or grazing of winter wheat in southern 

Australia had limited impact on plant survival and grain 

yield (Newell et al., 2025), with reductions in shoot DM 

but not grain DM per unit of evapotranspiration (ET) at 

up to 22% of crop ET (Harrison et al., 2011). In contrast 

with reports implicating loss in plant stand for reduced 

grain yield in later regrowth cycles (Hayes et al., 2012; 

Larkin et al., 2014; Newell & Hayes, 2017), this study 

found that spike DM and grain DM pl−1 were reduced 

in the WS, following exposure to moderate water de@cit 

in large soil columns in the previous DS (Figure 7). 

Further research is needed on the consequences of for-

age removal on subsequent performance of perennial 

wheat, and of DS water de@cit on subsequent perfor-

mance in the next WS.

Figure 6. Spike DM (g pl−1; a, b, c) and grain DM (g pl−1; d, e, f) for one annual wheat, four perennial wheat lines and one perennial 
grass in the 2011 (a, d), 2012 (b, e) and 2013 (c, f) wet seasons. Unfortunately, bird damage reduced spike DM and especially grain DM 
in annual wheat Wedgetail. l.s.d. were 8.1 g pl−1 for spike DM and 3.3 g pl−1 for grain DM (p < 0.05).
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4.3. Allocation of dry matter

Among the perennial wheats, a higher proportion of shoot 

DM was allocated to stem in 235a, to grain in OK72, and to 

grain and roots in 11,955 (Figure 4). In contrast, the per-

ennial grass 055 had a higher proportion allocated to 

crown and roots. While the perennial wheats did increase 

their investment of DM in structures associated with regen-

eration capacity (larger crown and roots relative to the 

annual), the perennial grass 055 invested a much higher 

proportion to crown and deep roots below 120 cm 

(Figure 5(d,f)). Our results were consistent with the prefer-

ential allocation of DM to regenerative traits (crown and 

deep roots) increasing with perenniality, and with the com-

plete intermediate wheatgrass genome (6N; 055) having 

the strongest perenniality, as Larkin et al. (2014) also noted. 

It would be useful to better understand such responses in 

dry matter allocation, and to identify which traits contrib-

uted directly to improved adaptation.

In perennial wheat, active partitioning of DM to 

roots was demonstrated by its higher leaf-level 

photosynthetic capacity and stronger leaf-N related 

traits (e.g. chlorophyll, soluble protein, leaf N) than in 

annual wheat (Jaikumar et al., 2013). Nevertheless, 

source-sink manipulations also showed that perennial 

wheat was sink-limited, implying its DM was suW-

cient or in excess relative to its grain sink strength 

(Jaikumar et al., 2014). More recent studies in inter-

mediate wheatgrass demonstrated slower establish-

ment and preferential investment in roots (Fagnant 

et al., 2024), greater investment in perennial below- 

ground structures after Rowering (Fagnant et al.,  

2023), and lower mobilization of DM and N to spikes 

after Rowering (Fagnant et al., 2025), relative to 

annual wheat. The combined evidence suggests stra-

tegic trade-oA and higher overall productivity both 

contribute to higher DM allocation to roots over 

shoots in perennials, but further questions arise (see 

section 4.6).

4.4. Root growth and distribution

Root growth increased with plant age in successive WS 

(Figures 4(b,d,f) and 5(b,d,f)). Following reduced regrowth 

in the 2012 DS (Figures 4(c) and 5(c)), and presumably the 

Figure 7. Above-ground DM (g pl−1) for water-deficit (wd) and well-watered (WW) treatments in one annual wheat (square), four 
perennial wheats (circle) and one perennial grass (triangle): a) at the end of the 2012 DS; b) at maturity in the 2012 WS; c) at the end of 
the 2013 DS; and d) at maturity in the 2013 WS. In each case, DM in wd is plotted against DM in WW during the same season, relative 
to the 1:1 line. The linear regression between wd and WW is also shown for each season, together with its R2, with * or n.S. (p < 0.05).
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2013 DS (not recorded), there was a Rush of shallow roots 

in the 2013 WS in all genotypes, and root DM increased 

from 30–90 cm in 11,955, and below 100 cm in perennial 

grass 055 (Figure 5(f)). Presumably, the increase in root DM 

at 0–30 cm was compensation for greater root loss in the 

2013 DS, when plants were exposed to higher temperature 

and higher evaporative demand (Figure 1). This regrowth 

was essentially consistent with the @ndings of a study with 

intermediate wheat grass in Kansas, which found 25–40% 

of roots died oA and grew back each year (Cox et al., 2006). 

Further, at intermediate depths (30–90 cm), root DM 

increased in 235a, 1195, OK72 and 055 in 2012 

(Figure 5(d)), and especially in 11,955 in 2013 (Figure 5(f)). 

Below 100 cm, however, the largest increase in root DM 

was in 055 in both years, but especially in the 2013 WS. The 

data in Figure 5 show increases in root DM at depth in 

successive seasons, but it is not fully clear whether the extra 

roots came from the crown or from root branching, though 

some lateral roots were observed. Further investigation of 

root branching and turnover would also be warranted, 

especially to quantify the proportion of live roots, and 

those of lateral origin (e.g. Kano-Nakata et al., 2011).

4.5. Consequences of more roots at depth in 

perennials

Perennial wheats 235a, 11,955 and 055 had additional 

root DM at depth (Figure 5(d,f)), which was associated 

with additional tiller number in 11,955 and 055 

(Figure 3(c)), and additional shoot DM in 235a, 11,955 

and 055 (Figure 4(f)) in the 2013 WS. More roots at 

depth may be advantageous in coping with higher tem-

perature and evaporative demand during the DS, presum-

ably by facilitating some water uptake for transpirational 

cooling of shoots and crown to assist plant survival during 

the DS, and then to facilitate initial regrowth at the com-

mencement of the following WS. This may also allow the 

plant to capture additional resources from deeper soil 

layers, for higher grain yield in subsequent years. These 

relationships between shoot growth, root growth and 

water extraction in the perennial wheats need to be 

examined further. A following paper will examine patterns 

of root growth and water extraction in four perennial 

wheats, a perennial grass and an annual wheat in 

a prolonged drying cycle, followed by rewatering.

4.6. Spike dry matter and grain dry matter per 

plant

While our results on spike DM and grain DM (Figure 6) 

were generally consistent with earlier reports in which 

yields of perennial grain crops were lower than those of 

their annual counterparts in the @rst two years (Jaikumar 

et al., 2012; Murphy et al., 2010), there is an upside here. 

Our results also demonstrate that perennial wheats 

could exceed annual wheat in total DM and especially 

in deep root DM (Figures 4 and 5). Further, perennial 

wheats could also produce spike DM equal to or even 

exceeding the annual wheat by the third year (Figure 6 

(a-c)). This result implies that perennial wheats have the 

potential to equal or even exceed annual wheat in grain 

DM by the third year, once their initial priority to allocate 

additional DM to roots for survival and regeneration is 

established (Figure 5(b,d,f)).

In contrast, results from intermediate wheatgrass 

imply a long-term persistence strategy that favours 

investment in organs for regeneration rather than 

organs for reproduction (Fagnant et al., 2023, 2024,  

2025). Nevertheless, a two-year study concluded that 

perennial wheat generally operated below its maximum 

photosynthetic capacity, so selection for greater sink 

strength should allow expression of higher photosyn-

thetic capacity and higher grain yield (Jaikumar et al.,  

2013, 2014). This study adds to that, by suggesting that 

once investment in roots and reproductive structures is 

adequate in perennial wheat, more dry matter can then 

be directed to spikes and grain by the third year (Figures 

4 and 6). Unfortunately, our grain DM data are not 

adequate to fully substantiate this, so further research 

is essential on DM allocation priority in perennial wheat, 

including @eld validation.

4.7. Harvest index and grain yield

At issue, however, is the proportion of shoot DM allo-

cated to grain, which generally remains low (Table 1). 

Larkin et al. (2014) also reported that while shoot DM 

increased in perennial wheat over time, with a smaller 

increase in grain yield, HI would nevertheless continue 

to decline over time. Perennial wheats were later and 

taller and had more tillers (Figures 2 and 3), all of which 

could also contribute to their lower HI than annual 

wheat. Late maturity in the perennial grass 055 was 

associated with strong vernalization requirement (Innes 

et al., 2025), so its spike DM, grain DM and HI were 

reduced by exposure to higher temperatures. Perhaps 

timely grazing could assist by reducing any excess DM in 

the perennial wheats in later generations, without 

adversely aAecting grain yield (Harrison et al., 2011; 

Newell et al., 2025), though this needs to be tested. 

Regardless, there is a need to select for higher HI in 

perennial wheat, as was achieved in annual crops in 

the Green Revolution (Evans, 1998). But the larger pro-

blem is the need for improved adaptation to 

Mediterranean @eld conditions. This may require back-

crossing of perennial traits into adapted annual wheat 
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genotypes, with selection for DS survival, WS regrowth, 

and improved spikelet fertility, especially under the 

higher temperatures and higher evaporative demand 

in Mediterranean environments, such as southern 

Australia.

4.8. Implications

Genomic complexity has been cited as a potential reason 

for the slower progress in improving perennial wheat 

(T. aestivum L. [6N]/Th. intermedium [6N] (Hayes et al.,  

2012; Larkin et al., 2014). In contrast, perennial rice only 

involves wide hybridization between Oryza sativa L. [2N] 

and Oryza longistaminata [2N], both with AA cytoplasm 

(Khush, 1997). Nevertheless, embryo rescue was still 

needed to obtain fertile progeny, and those combining 

high levels of spikelet fertility and longevity were rare 

(Zhang et al., 2022). Interestingly, from next-generation 

sequencing, only 16.16% of the genome of the released 

perennial rice cultivar PR23 was O. longistaminata (Zhang 

et al., 2022). As selection in perennial wheat proceeds, 

perhaps better-adapted amphiploids will be identi@ed in 

future with only a small proportion of the genome from the 

perennial parent.

Perennial wheat 11,955 was able to nearly equal the 

perennial grass 055 in root DM, and to exceed the annual 

wheat Wedgetail and other perennial wheats in spike DM 

by the third year (Figures 4, 5, 6). In contrast to earlier 

reports, that a balanced genomic complement with com-

plete chromosome sets from each parent could improve 

viability and perenniality (Larkin et al., 2014; Curwen- 

McAdams et al., 2016), 11,955 had only 40 chromosomes 

from T. aestivum and 16 from Th. ponticum (Morgan et al.,  

2023). This suggests more work is needed to better under-

stand how chromosomes from perennial parents behave 

with the wheat genome, and what chromosome segments 

are needed for maintenance of both spikelet fertility and 

perennial regrowth over cycles.

Given the higher temperature and higher evapora-

tive demand in the DS in Mediterranean environments 

such as southern Australia, improved traits for drought 

avoidance (deep roots for resource acquisition) and 

drought tolerance (dehydration tolerance and osmotic 

adjustment) may seem advantageous. While they may 

assist in delaying the inevitable, the DS stress is severe. 

We suggest that survival and performance of perennial 

wheat in these conditions would be more likely if the 

plants possessed summer dormancy, as advocated 

recently for perennial rice in similar conditions 

(Huang et al., 2025). At issue is the need to delay DS 

regrowth until after the rains recommence at the 

beginning of the next WS, as has been observed in 

some Australian perennial grasses (Norton et al., 2006; 

Volaire et al., 2014). Axillary bud dormancy would then 

allow the perennial crop to not attempt to use valu-

able resources, such as water and nutrients, when they 

are not yet available, or when their use may be waste-

ful, while conditions remain unfavourable for plant 

growth. Thus, a viable perennial grain need not retain 

green leaf cover all year; a better strategy when 

resources are seasonally scarce should be to delay 

new shoots, while retaining viable axillary buds and 

assimilate reserves for regrowth when seasonal condi-

tions improve (Huang et al., 2025).

5. Conclusions

The results reveal how DM allocation priority diAers 

between annual and perennial growth habit, with the 

perennials prioritising roots over shoots. The results then 

demonstrate that perennial wheats could exceed annual 

wheat in total and especially deep root DM. Further, 

perennial wheats could produce spike DM (Figure 6 

(a-c)) equal to or even exceeding the annual wheat by 

the third year, once a suitable foundation for survival 

and regeneration was established. Contrary to previous 

reports, however, any reduction in performance in later 

cycles was associated with lower spike DM per plant, 

rather than in reduced plant stand. The results also 

suggested that deeper roots may be of bene@t to access 

additional resources at depth during the dry season, to 

allow the plant to survive, and to regrow when water 

resources are replenished in the next wet season. This 

hypothesis is to be examined in the following paper.
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